This paper presents optical properties of SiO2 opals inltrated with SbSI and inverted SbSI opals for the rst time. Registered reectance spectra exhibit Bragg's peaks connected with photonic band gap. Calculated photonic band structure has been compared with experimental results.
Introduction
In recent years, a tremendous amount of research effort has been devoted to preparation of photonic crystals because of the great potential applications in advanced optical devices such as super prisms, waveguides, optical lters and switches, microcavity, and ultimately optical integrated circuits [1] .
Antimony sulfoiodide (SbSI) being a semiconducting [2] ferroelectric [3] seems to be a promising material for production of photonic crystals. This material exhibits a wide range of interesting and potentially useful properties. Among them there are the pyroelectric, pyrooptic, piezoeletric, and electrooptic eects (see e.g. [4, 5] ). It can be also used as gas sensor [4, 6, 7] .
The aim of this work was to investigate for the rst time optical properties of opals lled with SbSI (direct opals) and inverted opals obtained after removing SiO 2 templates from SbSI matrixes.
Experiment
The monodisperse silicon (SiO 2 ) nanospheres have been synthesized and gravity sedimented to obtain threedimensional opal templates with a closed-packed face centered cubic (fcc) lattice. These opals have been inltrated with melted SbSI to produce SbSI direct opals and etched in HF acid to produce SbSI inverted opals. The details of production of the investigated photonic crystals have been presented elsewhere [8 9] . Optical properties of the fabricated structures have been investigated by reectance spectroscopy in room temperature for wavelengths (λ) from 28 nm to 100 nm. Investigations have been performed using PC2000 (Ocean Optics Inc.) spectrophotometer with master card equipped with appropriate reection probe R7x400-2-LOH and the deuterium-halogen light source DH2000-FHS from Ocean Optics Inc. The illuminated opals have been mounted Typical spectra R(λ) registered for bare SiO 2 opals and SbSI direct opals as well as SbSI inverted opals is presented in Fig. 1 . One can identify the main Bragg diraction peaks (connected with photonic pseudogap between 2nd and 3rd band) on spectra registered for SiO 2 bare opal and SbSI inverted opal. For SbSI direct opal the main Bragg diraction peak is invisible in the investigated spectral range. The large red-shift of the Bragg peak is due to the change of eective refractive index of investigated material.
The Bragg peaks positions are shifted to shorter wavelengths with the increase of the angle of light incidence (θ) (Fig. 2) . The angular dependences of Bragg's peaks positions for SbSI direct opal and SbSI inverted opal have been tted with the modied form of Bragg's law (1 − f sph ) is the eective refractive index, f sph is the lling factor of photonic crystal with the spheres (for ideal fcc structure f sph equals 0.74), n sph and n SbSI are the refractive indices of silica spheres and surrounding SbSI medium, respectively. According to [10] , the refractive index of SiO 2 spheres equals n sph = 1.425.
In rst step D and n eff have been determined from the data for SbSI direct opal (Table) . Assuming that the voids between SiO 2 spheres have been completely lled with SbSI and the opal template has ideal fcc structure, refractive index of SbSI n SbSI = 3.11 (1) has been estimated. Next, tting of λ c (θ) for SbSI inverted opal has been done assuming that D has not been changed. Table. TABLE Parameters of SbSI direct and inverted opals evaluated by least squares tting of the angular dependences of the spectral positions of diraction peaks in reectance spectra (Fig. 2) . Values of the tted parameters are given in Table. One can see that n eff has decreased after etching. It is connected with the change of refractive index of spheres from refractive index of SiO 2 (n SiO2 ) to refractive index of air (n air ). Based on the value of n SbSI determined for SbSI direct opal, n eff for inverted opal should be equal to 1.804 in the case of complete etching of SiO 2 spheres in the sample. The value of n eff obtained for investigated SbSI inverted opal is greater. This indicates that after 1 min etching the SiO 2 spheres have not been completely removed from the sample. Therefore, the spheres remaining in SbSI inverted opals after etching may consist in part of SiO 2 and in part of air. In this case, similar to the case presented in [11] , the expression describing eective refractive index of composite opal structures could take the form
2) where f air is the lling factor of photonic crystal with air, which replaces the glass after etching it. This formula may be used to determinef air , and thus to monitor the etching process if other parameters i.e. n eff , n SiO2 n air , n SbSI , f sph are known. The lling factor of photonic crystal with air has been calculated using formula
3) Assuming that n SbSI = 3.11 and n eff = 1.863 (see Table) , n SiO2 = 1.425 [10] and f sph = 0.74, the value of f air equals 0.53. Etching degree calculated as the percentage ratio of f air to f sph is equal to 71.6%.
In order to understand the optical properties of investigated materials, the photonic bands structures have been calculated using plane wave expansion method (MPB software) [12] . It allows to calculate spectral positions and widths of the bandgaps of innite structures. Only the rst 11 bands are plotted in Fig. 3 . Comparison of the theoretical results with reectance spectra measured for normal incidence of light on (111) surface of SiO 2 bare opal, SbSI direct opal and SbSI inverted opal are presented in Fig. 3 , too.
Conclusions
Optical reectance spectra for SbSI direct and inverted photonic crystals have been reported for the rst time. Eective refractive indices can be determined using angular dependences of the Bragg peak spectral positions. Applying this method refractive index n SbSI = 3.11 (1) of SbSI lling the SiO 2 template in SbSI direct opal has been determined. It is proposed to estimate the etching eciency of SiO 2 template by using angular dependences of the Bragg peak spectral positions for SbSI inverted opals. Photonic band structures calculated for SbSI direct opal and SbSI inverted opal are rather well compared with experimental data. The full photonic gap between 8th and 9th is observed in the case of SbSI inverted opal. 
